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1. INTRODUCTION

In earlier work!*? bistatic radar cross sections were determined for
scattering from a cloud of randomly positioned resonant dipoles {(chaff) having
axes randomly and uniformly distributed in direaction over a sphere. In this
paper we again censider scattering from a cloud of randomly positioned dipoles,
but extend the ecarlier work to the case where dipole axes all lie in a hori-
zental plane with randem and uniform distribution of directions within the
plane. For some practical chaff the horizontal distribution is more realis-
tic than the spherical distribution,

The geometry applicable to a typical dipole is shovn in figure 1. The
axis of the dipole has its midpoint at D, the origin of coordinate system x',
y',z'. Point D is in the coordinate frame x,y,z with spherical coordinates
(r1, 81, ¢1). A transmitter at point T radiites an arbitrarily polarized wave
toward D. A receiver at point R, leccated at (ry, 63, ¢2) in spherical coordi-
nates within the x',y',2' frame, receives bistatic scattering from the dipole,
The receiver is presumed to have a preferred, but arbitrary, polarization that
can be different than that of the transmitter. Axes of the x',y',2' frame are
parallel, respectively, to those of the x,y,z frame. The axis of tha dipole
is assumed to lie in the x',y' plane and form an angle ¢4 from the x' axis.
The angle ¢4 1s agssumed random with uniform distribution on (0, 2w).

More generally, for fixed points T and R, scattering at R is due to
many dipoles in a cloud. These dipoles are assumed to be distributed randomly
and uniformly in position so that the cross sections seern at point R become
the cross sections of a single dipole multiplied by N, the number orf common
dipoles illuminated by T and viewed by the receiver at R.152 other assump-
tions leading to this rezult are given 1in earlier wotk.l'z’* Thus, only a
single dipole requires analysis.

1
Pecbles, Peyton Z., Jr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
2Aerosp. Electron. Syst., AES-20, No. 2 (March 1984%).

Peebles, Peyton Z., Jr., Bistatic Radar Cross Sectionc of Chaff, University
of Florida, Electronic Communications Laboratorv, prepared the report for
*Harry Diamond Laboratories, HDL-CR-83-107-6 (June 1983).

Mainly, ry and rp are large enough that they have approximately the same
values for all dipoles of interest (those in the common volume of inter-
section of trancmit and receive antenna patterns).
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Figure 1. Geometry of bistatic scattering. A transmitter
is located at point T, a receiver is at R and

the scattering dipole is at point D.

2. ANALYSIS

Unfortunately, for the planar dipole dis*ribution there seems to be no
simple way to separate dipole scattering from transmit-receive station geometry,
-———as was done in earlier wogkl using the scattering plane approach for a spherical
dipole distribution. Beciuse of this fact a direct approach to analysis 1is in-
dicated. As a consequence, the resulting cross-section formulas are somewhat
more cumbersome than for the spherical distribution, but can still be obtainad.

2.1 General Equations

Consider first a very thin highly conducting dipale of total phycical
length L, having its wire axis pointing in the direction (84, ¢4) in spherical
coordinates. It is helpful to think of the dipole as located at point D in
figure 1. Let P be an arbitrary point at (r,0,¢) from the dipole in spherical
coordinates. If the dipole radiates due to excitation by a terminal current

1
Peebles, Peyton 2., Jr., Bistatic Radar Cross Sections of Chaff, IEFE Trans.
Aerosp. Electron. Syst., AES-20, No. 2 (March 1984).
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Ip, the electric field components Eg and Ey in directions 6 and ¢ at P ar
known.? In matrix notation they may be written as :

[Eq hg
Jlut~(2nr/2)]
a=ine
It » (1)
E . 2Ar h » )
¢ $
wher:}ll 18 the intrinsic impedance of the medium (n = 120w for free space),
j = /-1 , w is angular frequency, A is wavelength, t is time, and
hg [cos 0 sin 83 cos(¢ - ¢4) - sin 8 cos 8y |
= A ’ (2)
h¢ sin 84 sin(d4q - ¢)
7L
cos[i— cos *] - cos(nL/A)
- m ' , 3)
sin(nL/)) ein? ¥
cos y = cos 6 cos 64 + sin 6 sin ed cos(¢ - ¢g) . (4)

Here hg and hy are the effective lengths of the dipole'evaluated in the di-
rection (9, ¢?. ' '

The current IT that excites the fields of equation (1) is incuced by
fields at D that are presumed to be due to a source in a direction possibly
different {rom that of point P (actually due to the transmitter at T in figure
1). If 78', ¢') 1s the direction of the source, the terminal current becomes

Eel
1
It = Zead [he- ~h¢v] . (5)
E;
]

where Z,,q is the dipole's radiation impedance, Eq' and Ey+ are field components
at the dipole in directions 8' and ¢', respectively, and hgt+ and h¢v are aqual
to hg and hy of equation (2) evaluated for 6 = e', ¢ = §'.

3
Cross, J. L., Response of Arrays to Stochastic Flelds, Ph.D. dissertation,
University of Florida (1969).
: 7




2.2 Speclal Equations

For the problem at hand, 6' and ¢' define the location of the trans-
mitter relative to the dipole in figure 1, while & and ¢ define the receiver's
location. Thus, we set 6 = 83, ¢ = ¢3, Eg = Eg,, Ey = Epys ' = ¢ - 8,

o' = 1+ 4y, Eqt = Eg, and E¢' = -E¢, in the general equations. Here we de-
fine Eg, and Ey, as electri: field components at D in directions 8; and ¢,
respectively, due to the transmitter at T, By using the additional fact that
84 = /2 for the dipoles of interest here, we substitute equation (5) into (1)
to obtain

Eez] dyy dya Eel
- pedvt | (6)
E¢2J dpy ‘da2 E‘#l
where
~j2nra/A
=in e C
B A ZAZrad r2 ? (7)
d11 = AjAg cos 8; cos 0 cos(é; = ¢g) cos(dz = ¢q) (8a)
dys = -A1Ag cos 07 sin($) - ¢g) cos(¢s - 44) , ' (8b)
dyy = ~AjAg cos 8y cos(d) = 94) sin(d2 - ¢q) (8¢c)
dz2 = AiAg sin(é1 - ¢) sin(e2 = 42) (84)
and ’
A cos[—’%— cos 4:1] - cos(—%‘-‘-l cosE‘—;’- cos \bﬂ - cos(%) )
0= * ’
8in2 ¥ sin? Y2
Ay = (\/m)2/ein2(sL/2) , (10)
with
cos ¢; = -sin 6, cos($) - ) (11)
cos Y2 = sin 03 cos(dz - dq) . Q12

8
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2.3 Cross Sections

We only briefly outline the development of croes section formulas be-
cause the procedures follow those in the earlier work.! The total received
electric~-field vector, denoted by E}, can be decomposed into two orthogonally

olarized components éR and ER that have "amplitudea" ER, and Ep,, respectively.
£R, has the arbitrary polatizat on of the receiver that is detetmined by the
veceiver's field compunent ratio, QR. . The power in ERl is proportional to

[Br, 12 = (1 4+ IQR|2)|ER1|2 . (13)

Similarly, the power in the orthogonally polarized field component is pro-
portional to

IERz‘z = (1+ leRlz)IERle . (14)
Furthermore,l f
ER, Qr*] | Eg
- ’ - (15)
ERZ 1 E¢2

where * represents complex conjugatlon!

Ir an analogous manner, the field components Eg, and E¢, are related to
the tr.nsaitter's field component ratio, denoted as Qr, by

- ET ’ (16)

where ET is the complex "amplitude” of the electric field vector, denoted by

‘il, incident on the dipole. By substituting equations (6) and (16) into (15)

we have

1
Peebles, Peyton Z., Jr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
Aeroep. Electron, Syst., AES-20, No. 2 (March 1984).
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Er, | 1 Qr*| Jdy diaf | 1
' B ejmt
~ R Ep (17}
2
1+ |Qg]
ER, -Qp 1 dy  daa ) iQp

Next, as in the earlier work,! we define average cross sections by

4r3 (1 + ap) DEL|E, 2]

-8 = 4nryE([ER, 121/(8 (2= (18)

a + [ar[» [er|?

2
. arra(l + fQr|2E[|ER,]?]
5y = 4nrsE(|Eg,|21/18|2 = 2 , (19)
' (1 + [qr]?)[Eg|?

where Ef+] represents the statistical expectation operation, and rp; is assumed
large. The second forms of equations (15) and (16) derive from the use of
equations (13) ard (14), and the fact that

[By)2 = (1 + Jog| D Eg]? . (20)

Solutions for & and G, follow from solving equation (17) for Eg, and
ER, and substituting these quant ties into equations (18) and (19). The ex-
pectations involved are each found to contain 16 terms of the form di dmn. Ex-
amination of these terms, using equation (8), showa that some terms are aqual
according to the following definitions:

1 .
Peebles, Peyton Z., Jr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
Aerosp, Llectron. Syst., AES-20, No. 2 (March 1984).
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[~

dnd ' \
djdyh = djadty -,

22 & apap

4214}y

dp1dgh = dy2ds) >

k]
dyzdyz .,

z)

"W

z2

>

2y

nw >

s (21)

">

26

">

z7 2 djydfy = 448 , k

>

*
dydg% = d1adz) = dyydih + dpodfy

*
d)adfy = dppdyy - . /

Zg

>

Zg
The mumber of distinct parameters is therefore reduced from 16 tuv 9 which mikes
the solutimg of equations (18) and (19) somewhat simpler. Nouve, however, tnat
nine parame.cera are now required to define cross sections, whereas only four
were necessary when dipoles are spherically distributed as in the earlier work.

1f parameters o4 are defined according to
A 2 2 - '
oy = 4wroE[|B|%24] , 1=1,2, ...,9, (22)

the solutions for the cross sections can be written as

- 1 [0, + 202 Re(Q) + aalQT|2]

a+ [er|H + |l

+ 2 Re(Qg) [07 + 205 Re(Qp) + cqlQp|2] (23)

+ [QRIZ[Gu + 205 Re(Qr) + °6|QT'2] .

1
Peebles, Peyton 7., Jr., Bistatic Radar Crors Secticns of Ci:aff, IEEE Trans,
Aerosp. Electron. Syst., AES-20, No. 2 (March 1984).
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Ox

. 1 {(m, + 205 Re(@p) + og]0r|?]

(+ ol + jerl®

- 2 Re(Qg) [o7 + 209 Re(Qr) * solari?} 2%
+ |qg]2foy + 202 Re(@D) * oaiortzl} .
Here Re[+] represents the real part of the bracketed quantity. Specific ex-
presgsions for the parameters di derive from equation (22) usinz equations (21)
and (7). They are
|
27 2 . \\
o1/ = Aﬁgo Ag cos? ¢4 cos?(dg - Bg)dég cos? 8y cos? 63 ; (25a)
{
27 l
02/22 = Ay J o Ag cos ¢4 sin ¢g cos?(dq = Byldeg <08 8y cos? 82 (25b) |
|
x
a3/A2 = Aago A% sin? ¢g cos?(da = Bp)dda cos? 83 : (25¢) |
2% 2
ay /A% = ASSO Ap cos? ¢g sinZ(eg - Be)ddq cos? 8; (25d)
N2 e &, \°7 Ad st in2(4d - 41 (25¢)
o5/r- a \g osn¢dcoa¢dsn(¢d-8¢).¢dccsal ’ e
2% 2 .
ag/A2 = Ay SO Ay cin? ¢4 8in?(¢q ~ Bp)ddd (256)

2n 2

o7/A% = —AaSo Ap cos? 3a cos(ég ~ Bg) ein ($a ~ Be)ddg cos? 8 cos 02 , (25g)
2%

og/A2 = -Aag A% cos ¢g sin ¢g cosldd = %)sin(M - 84)deg cos 8y cos 8, , (25h)
2 :

09/7\2 - -AaS: Ag sin2 ¢4 cos(ég ~ B.;,)sin(m - B¢)d¢d cos 92 » {25%)

where we define

Ag & In/VT 2pa47° sin? (rL/MIZ (26)

gy Stz -1 7

12




2.4 Coefficient Evaluation

To use equations (23) or (24) the coefiicients of (25) must be evaluated.
Because of the complexity of the integrande, mainly due to Ay of (9), closed
solutions for the integrals were not ocbtained. Soluticns were obtained, however,
using a digital computer. Coefficients depend on the three« variables 8;, 82,
and By, once a particular relative dipole length is chosen (L/A sets Zygd, see
the earlier paper!). The symmetry of (25) as a function of 81 or 6, can be
analytically determined. Symmetry of (25) with B4 was determined by computer.
table 1 gives a summary of results. :

TABLE 1. SYMMETRY OF COEFFICIENTS WITH
VARIATIONS IN @), 82, and By

.r
1 in o4 Symmetry’ of o4 about

0 = w/2 8y = /2 B¢'0 BQ"!I’/Z
E E E

O ® N O Wwm §.w N e
m o ™M m O W W O

O O O ™M ®M ™ ™ ™
O m O m O ™M m O
O ™M O WM O M

+ E=even, 0= odd

\

A consequence of the results shown in table I 1s that parameters g4 need only
be evaluated for each of the three variables 8;, 063, and By over g 90-degree
range; we choose the ranges 0 g 6; g 7/2, 0 < 62 g /2, ans 0<Bys n/2.
Tables 2, 3, and 4 give the computed results for half-wava (L = A/2), full-wave
(L = A\), and thrae halves-wave (L = 31/2) dipoles, respactively.

Several checks were made to verify the correctiess of the computed data.
For example, the backscatter point for horizontal transmit and receive polar-

1
Peebles, Peyton 2., Jr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
Aerosp. Electron. Syst., AES-20), No. 2 (March 1984).
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izations with 6y = w/2 and 63 = /2 can be solved analytically ﬁith L = A/2.

In this case only og is nonzero. The average backscatter cross section was

found by Bloch, Hammermesh, and Phillips“ to be & = 0.28932. Solution of &
as given in equation (23) gives § = o = 0. 279722 where an inLagral given by

Bloch et al.” was used. The computed data give § = agg = 0.2795)2 for an error
of about 0.072 percent.

3. CROSS SECTIONS FOR SPECIAL CASES

Cross sections, as obtained from equation (23), can be obtained for a
number of special cases of traunsmit and receive polarizations. We shall use
subscripts on G to indicate polarizations involved. The first subscript in-
dicates the transmitter's polarization while the second applies to the wave's
polarization at the receiver. We use V and H to represent linear polarizations
vhere electric-field components are only vertical (8; or 63 directions) and

horizontal (¢ or ¢, directions). Thus Byy corresponds to cross section as
seen by the receiver when the transmitter transmits linear polarization only
in the 8; (or V) direction and the receiver responds only to :he linear field

component in the ¢5 (or H) direction.
In an analogous manner 0 is used to represent circular polarization
(sense, left and right, will be seen to be irrelevant). Linear polarizatioms

tilted 45 degrees from the ¢ direction (¢; or ¢;) are denoted by /, while the
opposite tilt for -~45 degrees is denoted by subscript\.

3.1 Vertical and Horizontal Polarizations

To evaluate 3yy the proper values of QT and QR are both zero from the
earliex work.! By use of equation (23) we have ,

For Oyy we use Qp = @ and Qg = = to :btain

1
Peebles, Peyton Z., Jr., Bistatic Radar Crogs Sections of Chaff, IEEE Tranms.
Aerosp. Electron. Syst., AES-20, No. 2 (March 1984),

Y

Bloch, ¥., M. Hammermesh, and M, Phillips, Return Cross Sections from Random
Oriented Resonant Half-Wave Length Chaff, harvard University, Radio Research
Laboratory, Technical Memorandum 411-TM-127 (June 19, 1944).
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For auv, Qpr =, Qr =~ 0, and

gy = 03 | (30)

Similerly,
qyn = 9y - | (31)

In these four simple cases only one of the parameters ¢4 is needed to determine
cross section. We note that Gyy ¥ Oyy in general.

3.2 ~ Circular Polarizations

For circular polarizations we have Qp = +j and QR = #j from the earlier
paper.! Choice of sign determines rotation sense. Since Re(QTr) = 0 and
Re(Qp) = O while |QT|2 = 1 and ,QR|2 = 1, regardless of sense, equation (23)
readily gives

Goo = (o1 + 03 + oy + 0g) /4. _ , (32)

Thus, the cross section seen by the reciiver does not depend on the senses of
either receiver or transmitter circular polarizations. This fact was also
found earlier to be true for spherically distributed dipoles.l

3.3 Tilted Linear Polarizations

When the linear polarization is tilted 45 degrees (/notation) or -45
degrees (\ notation) from the appropriate ¢ direction (¢$; or ¢,) the proper
values of Q (Qr or QRr) are 1 or -1, respectively. On substituting these values
into (23) we obtain

9, = [(o7 + 202 + 03) + 2(07 + 208 + 09) + (oy + 205 + 0g}]/b , (33)
9\ = [(o1 + 202 + 03) - 2(o7 + 205 +0g) + (o4 + 205 + 06)}/4 , (34)
o\\ = [(01 = 20, + 03) - 2(07 - 205 + 0g) + (o4 - 205 + o) 1/4 , (35)
o\) = [(o1 - 202 + 63) + 2(07 - 20g + 0g) + (04 - 205 + 0g)}/4 . k(36)

We see that these linear polarization combinations require all nine parameters
01.

1
Peebles, Peyton Z., Jr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
Aerosp. Electron. Syst., AES-20, No. 2 (March 1984).
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By solving equations (33) through (36) we may solve for og:

og = {(oyy - 0/\)/4) + [(a\\ ~a\pra} . (3D

Here gg is somewhat analogous to op in the earlier paper,!

3.4 Other Combinations of Linear Polarizations

By proceeding in the same manner for various combinatioas of vertical,
horizontal, and 45-degree tilted linear polarizatiouns wn have

oy) = (01 + 207 + 0,)/2 , (38)
ow, = (o1 - 207 + @) /2 (39)
oy = (0y + 203 + 03)/2 , (40)
o = (01 - 202 + 03)/2 , (41)
ogy = (o3 + 209 + 0g)/2 (42)
og\ = (03 - 209 + 0g)/2 , (43)
o/ = (oy + 205 + 0g)/2 (44)
g - 45)

oyg = oy - 205 + 0g)/2 .

One of the advantages of developing equations (38) through (45) is that all
remaining parameters o4 can be derived as follows:

o2 = (oyy - o\ /2 , (46)
\ o5 = (o - o\w)/2 , (47)
X o7 = (oy - aﬁ\)/2 s (48)
\ og = (oH; -.on\)/2 . ' (42)

4, SUMMARY

An analysis has been given for bistatic radar scattering from a chaff
cloud consisting {of resonant dipoles randomly positioned in space in a uniform
manner. Dipole axes were assumed to lie in a horizontal plane with randon,

1
Peebles, Peyron Z., Jr., Bistatic Radar Cross Sections of Chaff, IEBEE Trans.

Aerosp. Electron. Syst., AES~20, No. 2 (March 1984).
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uniformly distributed orientation angles within the horizontal plane. The chaff
cloud is 1lluminated by a source having arbitrary polarization and arbitrary
location relative to the cloud. The average bistatic cross section seen by a
receiver of arbitrary lccation and arbitrary polarization was found and is given
by equation (23). The cross section seen by the recaiver in the orthogonal re~
ceiver polarization is given by equation (24). Both equations (23) and (24)

- apply to a single dipole. Cloud cross sections result from multiplication of
equations (23) or (24) by N, the number of dipoles illuminated by the transmitter
and viewed in common by the receiver.

Solutions of equations (23) and (24) require (1) specification of transmit
and receive polarizations by defining values of Qr and QR according to examples
given, or from the earlier papet1 in general; (2) specification of geometry
parameters 81, 62, and By (figure 1); (3) specification of resonant dipole length

(L =2/2, A, or 3A/2 only); (4) determining the cross section parameters oi/A
needed from tables 2, 3, or 4 using table l--depending on choices of Qp and QR
some of the ¢: may not be required; and (5) computation of equations (53) or
(24). The numerical reeults obtained will equal 3/A2 or 8x/A2. Actual cross
sections per dipole require A be specified.

Equation (23) was used to develop cross sections in section 3 for several
specific transwii/veceive polarization combinations of linear, tiited linear,
and circular po.arizations.

ACKNOWLEDGEMENTS
rne author is grateful to Professor R. C. Johnson, University of Florida,

for helpful discussions and to the Harry Diamond Laboratories, U. S. Army, for
support of the research.

1
Peebles, Peyton Z., Jjr., Bistatic Radar Cross Sections of Chaff, IEEE Trans.
Aerosp. Electron. Syst., AES-20, No. 2 (March 1984).
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PARAMETERS o4, 1 = 1, 2, ..., 9, NORMALIZED TO A2
ANGLES 6,, 62, AND B¢ SHOWN IN DEGREES.

FOR SCATTERING FROM A HALF-WAVELENGTH DIPOLE

(L = 1/2).

TABLE 2.
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Table 2 continued, part 2 of 7.
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Table 2 continued, part 3 of 7.
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Table 2 centinued, part 5 of 7.
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Table.3 continued, part 5 of 7.
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Table 3 continued, part 6 of 7.
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Table 3 continued, part 7 of 7.
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PARAMETERS o4, 1 = 1, 2, ..., 9, NORMALIZED TO A2
FOR SCATTCRING FROM A 3/2-WAVELENGTH DIPOLE

TABLE 4.

_ ANGLES 87, 63, AND B, SHOWN IN DEGREES.

(L = 3A/2).
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